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12-O-tetradecanoylphorbol-13-acetate (TPA) has been
shown to induce transcriptional activation of human manga-
nese superoxide dismutase (MnSOD) mRNA in human lung
carcinoma cells, A549, mediated by a protein kinase C (PKC)-
dependent activation of cAMP-responsive element-binding
protein (CREB)-1/ATF-1-like factors. In this study, we
showed that MnSOD protein expression was elevated in
response to TPA or TNF-�, but not to hydrogen peroxide
treatment. TPA-induced generation of reactive oxygen spe-
cies (ROS) was blocked by pretreatment of the PKC inhibitor
BIM and NADPH oxidase inhibitor DPI. Small interfering
RNA (siRNA) experiments indicated that knocking down the
NADPH oxidase components e.g. Rac1, p22phox, p67phox, and
NOXO1 in A549 cells impaired TPA-induced MnSOD
expression. To identify the PKC isozyme involved, we used a
sod2 gene response reporter plasmid, pSODLUC-3340-
I2E-C, capable of sensing the effect of TNF-� and TPA, to
monitor the effects of PKC isozyme-specific inhibitors and
siRNA-induced knockdown of specific PKC isozyme. Our
data indicate that TPA-induced MnSOD expression was
independent of p53 and most likely mediated by PKC-�-, and
-�-dependent signaling pathways. Furthermore, siRNA-induced
knock-downofCREBandForkheadboxclassO(FOXO)3a led toa
reductioninTPA-inducedMnSODgeneexpression.Together,our
results revealed that TPA up-regulates, in part, two PKC-depen-
dent transcriptional pathways to induceMnSOD expression. One
pathway involves PKC-� catalyzed phosphorylation of CREB and
the other involves a PKC-mediated the PP2A catalyzed dephos-
phorylation of Akt at Ser473 which in turn leads to FOXO3a Ser253

dephosphorylation and its activation.

Manganese superoxide dismutase (MnSOD)4 is a nuclear-
encoded antioxidant enzyme that is imported into the mito-
chondrial matrix (1), to catalyze the dismutation of superoxide
radical anions (O2

. ) into hydrogen peroxide (H2O2) and oxygen
(2). MnSOD is considered as the primary defensive enzyme
against oxidative stress within mitochondria (3). Targeted dis-
ruption of murine sod2 causes dilated cardiomyopathy and
neonatal lethality (4). In addition, a low level of MnSOD has
been implicated in causing various human tumors (5), whereas
its overexpression suppresses tumorigenicity (6, 7).
A number of studies have demonstrated the induction of

MnSOD in various cell lines and tissues following oxidative
stress induced by treatments with TNF-� (8–12), interleukin-1
(8, 10–12), lipopolysaccharide (10, 12), interferon-� (11), 12-O-
tetradecanoylphorbol-13-acetate (TPA) (12, 13), or irradiation
(14, 15). The induction of MnSOD is transactivated via two
parts of the sod2 gene in various species following oxidative
stress. One part is the 5�-flanking promoter region regulated by
Sp-1 (16–18), and with early growth response factor (Egr-1)
after treatment with TPA (19), or by AP-2 (16, 17, 20–22). The
other part is the enhancerwithin the second intron regulated by
the CCAAT/enhancer-binding protein (C/EBP) and NF-�B in
response toTNF-� and interleukin-1 (IL-1) (23, 24) or TPA (25,
26). We have previously identified the manganese superoxide
dismutase TPA-responsive element (MSTRE), in the 5�-flank-
ing region, located between �1292 and �1202, which contains
a cAMP-responsive element (CRE)-like sequence, and demon-
strated that CREB/ATF-1 bound to MSTRE and TPA treat-
ment induced CREB phosphorylation (27).
It has been proposed that the tumor-promoting phorbol

ester, TPA, (28, 29) induces MnSOD expression in a protein
kinase C (PKC)-dependent manner (27, 30–32). Our previous
study using A549 cells reveals that PKC may be involved in
CREB phosphorylation (27), and another study has shown that
transcription factor FOXO3a (also known as FKHRL1) can ele-
vate the expression of MnSOD in response to oxidative stress
(33). In addition, FOXO transcription factors are known to trig-
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ger a variety of cellular processes by up-regulating a series of
target genes, including sod2, in response to different cellular
stresses (34). However, themechanism bywhich PKC regulates
MnSOD induction remains unclear.
In this study we investigated the roles of PKC in TPA-in-

duced MnSOD in A549 cells. To this end we identified PKC-�
as the PKC isozyme that catalyzes the phosphorylation of
CREB. However, TPA treatment also causes a reduction in
phosphorylatedAkt (at Ser473) and FOXO3a (at Ser253), and the
PKC inhibitor restored the phosphorylation level suppressed by
TPA. In addition, we showed that knock-down of four compo-
nents of NADPH oxidase diminished TPA-mediated MnSOD
induction, suggesting that NADPH oxidase is involved in the
early stage of MnSOD gene induction. This observation sug-
gests to us that superoxide radical anions could be the upstream
signal for TPA induction. Together, our data showed that PKC
is involved in regulating the activation of transcription factors
induced by TPA, via the phosphorylation of CREB on one hand
and dephosphorylation of FOXO3a on the other hand.

EXPERIMENTAL PROCEDURES

Materials—DMSO, TPA, TNF-�, diphenyleneiodonium
chloride (DPI), N-acetylcysteine (NAC), and 2�,7�-dichloro-
fluorescein diacetate (DCFH-DA) were purchased from Sigma.
From Calbiochem (La Jolla, CA), we purchased PKC inhibitors
BIM, Gö6983, Gö6976, and Rottlerin; and protein phosphatase
1 and 2A (PP1 and PP2A) inhibitor okadaic acid. The PH
domain leucine-rich repeat protein phosphatase (PHLPP)
inhibitor, NCS 45586 (#13) was a generous gift from Dr. Alex-
andria C. Newton, at the University of California San Diego, La
Jolla, CA (35).
Cell Line—The human lung adenocarcinoma cell line A549

(ATCCCCL-185) was purchased fromAmerican Type Culture
Collection. Cells were cultured in RPMI 1640 (Invitrogen,
Carlsbad,CA) supplementedwith 10% fetal bovine serum (FBS)
and antibiotics (Invitrogen) at 37 °C under 5% CO2.
Subcellular Fractionations—Subcellular fractions were pre-

pared from A549 cells according to Enoksson et al. (36) with
minor modification (37). In brief, fresh or frozen cells were
lysed in MSH buffer (210 mM mannitol, 70 mM sucrose, 5 mM

Hepes, pH 7.5) in the presence of 1mM EDTA, incubated for 30
min on ice and homogenized with a tight-fitting glass-Teflon
motorized homogenizer (500 rpm, 30 strokes). Homogenates
were centrifuged at 600 � g for 8 min at 4 °C. The pellet was
solubilized in lysis buffer (10mMHEPES, pH7.9, 10mMKCl, 0.1
mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 2 �g/ml
leupeptin, and 2 �g/ml aprotinin). After 30 min incubation on
ice, 0.3% Nonidet P-40 was added, vortexed for 1 min, and cen-
trifuged at 12,000 � g for 1 min. The pellet was lysed with
nuclear extraction buffer (25 mM HEPES, pH 7.9, 0.5 mM

EDTA, 0.5 mM EGTA, 0.4 M NaCl, 1 mM DTT, 1 mM PMSF, 2
�g/ml leupeptin, 2 �g/ml aprotinin). After centrifugation at
12,000 � g for 5 min at 4 °C, the nuclear fraction (supernatant)
was collected. The supernatant from the first centrifugation
was centrifuged at 5,500� g for 15min to obtain themitochon-
drial fraction.Membrane and cytosolic fractions were prepared
as described previously (30).

Western Blotting and Immunoprecipitation—Samples were
electrophoresed in 10–20% Tris-Glycine gels (Invitrogen) and
transferred onto polyvinylidene difluoride (PVDF) membranes
(Invitrogen). After incubating with Li-Cor Blocking Buffer (Li-
Cor Biosciences, Lincoln, NE) for 30 min, blots were incubated
with specific primary antibodies against PKC-� (polyclonal,
C-20), PKC-�I (polyclonal, C-16), PKC-�II (polyclonal, C-18),
PKC-� (polyclonal, C-20), PKC-� (polyclonal, C-15), PKC-�
(polyclonal, C-20), p53 (monoclonal, DO-1), or �-tubulin
(monoclonal, TU-02) from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), or CREB (rabbit monoclonal, 48H2), phos-
pho-CREB at Ser133 (rabbit monoclonal, 87G3), FOXO3a,
phospho-FOXO3a (Ser253), Akt (polyclonal,), and phospho-
Akt (Ser473, polyclonal) from Cell Signaling Technology (Dan-
vers, MA), Rac1 (monoclonal, 05–389), and p67phox (poly-
clonal, 07–502) from Upstate (Lake Placid, NY), NOXO1 (goat
polyclonal, IMG-3062) from IMGENEX (San Diego, CA),
MnSOD (polyclonal, RDI-RTSODMabR) from Fitzgerald
(Concord, MA), mtHSP70 (monoclonal, MA3–028) from
Affinity Bioreagents (Golden, Co), �-actin (monoclonal (AC-
74)) fromSigmaor LaminB (NA12) fromCalbiochem inLi-Cor
Blocking Buffer containing 0.1%Tween 20 for overnight at 4 °C.
Blots were then incubated with either goat anti-rabbit
IRDye800CW secondary antibodies (611-731-127, Rockland
Immunochemicals, Gilbertsville, PA) or goat anti-mouse Alexa
Fluor 680 secondary antibodies (A21058, Molecular Probes,
Eugene, OR) and visualized using Odyssey Infrared Imaging
System (Li-Cor Biosciences).
For immunoprecipitation, cellswere lysed in lysis buffer (Cell

Signaling Technology) containing Complete Mini, protease
inhibitor mixture tablets (Roche Diagnostics, Indianapolis, IN)
and phosphatase inhibitor cocktails (Set II andVI, Calbiochem)
and were incubated with either normal rabbit IgG (sc-2027,
Santa Cruz Biotechnology), or rabbitmonoclonal phospho-Akt
at Ser473 (193H12) antibody (Cell Signaling Technology) for 1 h
and followed by an additional 30min of incubationwith protein
A-agarose (Millipore, Lake Placid, NY). Immunoprecipitation
and 2% of total cell lysates separated by SDS-PAGE and trans-
ferred onto PVDF were then incubated with phospho-Akt
(Ser473) (193H12) antibody or PP2A C subunit antibody (2038,
Cell Signaling Technology).
Assessment of Intracellular ROS—Production of ROS was

assessed by oxidation-sensitive fluorescent probeDCFH-DA as
described previously (38). Hydrogen peroxide (1 mM) was used
as a positive control. After washing twice with PBS to remove
the extracellular dye, cells were analyzed with a flow cytometry
(FACSCalibur, BD Biosciences, San Jose, CA). DCFH-DA fluo-
rescence was excited at 488 nm, and the emission was moni-
tored at 530 nm.
Dual Priming Oligonucleotide (DPO) PCR System—mRNAs

from A549 cells were anayzed using dual priming oligonucleo-
tide (DPO) PCR system (39). DPO primers for NADPH oxidase
component (supplemental Table S2) and for PKC family (sup-
plemental Table S3), and housekeeping gene primers (SM1001)
were purchased from Seegene Institute of Life Science (Seoul,
Korea). They included dual oxidase (DUOX) 1 and 2; p47phox
and its homologue Nox organizer 1 (NOXO1), p67phox and its
homologue andNox activator 1 (NOXA1); p40phox, Rac1, Rac2,
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and p22phox; classical PKC (PKC-�, -�I, -�II, and -�), novel
PKC (PKC-�, -�, -�, and -	), atypical PKC (PKC-
 and -�), and
PKD (PKC-�).
Small-interfering RNA (siRNA)—Sixty hours after transfec-

tion with siRNAs (250 nM) using Amaxa Nucleofector System
(AmaxaBiosystems,Gaithersburg,MD), cells were treatedwith
TPA for the indicated times. In this study, both siGENOME
SMART pool and ON-TARGETplus SMART pool (Dharma-
con/Thermo Fisher, Chicago, IL) were used; Rac1 (M-003560-
02), p22phox (L-011020-00), p67phox (L-004529-00), DUOX1
(L-008126-00), and NOXO1 (M-016237-00) for knockdown of
NADPH oxidase components; PKC-� (L-003523-00), PKC-�I
(L-003758-00), and PKC-� (L-003524-00) for knockdown of
PKC family; and CREB (L-003619-00), FOXO3a (L-003007-00)
and p53 (M-003329-01, and M-003329-02 from Dharmacon;
sc-29435 from Santa Cruz Biotechnology). A non-targeting
pool was used as control RNA (ON-TARGETplus siCON-
TROL, Dharmacon).
Luciferase Assay—Small enhancer region in intron 2 of sod2

gene (I2E), which is responsive to tumor necrosis factor-�
(TNF-�) and interleukin-1� (IL-1�), was found in mouse (23)
and in human (24). Combined with 3340 base pairs of 5�-flank-
ing region of the human sod2 gene promoter (27), three plas-
mids were constructed, in which I2E were located in N-ter-
minal end (pSODLUC-3340-I2E-N) and C-terminal end
(pSODLUC-3340-I2E-C) of the promoter, and between the
promoter and the luciferase gene (Luc�) (pSODLUC-3340-
I2E-ORF) (supplemental Fig. S1a). A549 cells were transfected
with pSODLUC plasmids using Amaxa Nucleofector System.
Twenty-four hours after transfection, cells were treated with
TPA and incubated for another 24 h. The firefly and Renilla
luciferase activities were measured using the Dual Luciferase
assay system (Promega, Madison, WI).
Statistical Analysis—An unpaired two-tailed distribution

Student’s t test (Microsoft Excel) and a one-way ANOVA were
used to analyze data, and results were expressed as means �
S.E. A value of p � 0.05 was considered significant.

RESULTS

Induction ofMnSOD inMitochondria by TPA-mediated Pro-
duction of Superoxide Radical Anion—Previously we showed
that the induction of MnSOD mRNA by TPA treatment was
mediated by the manganese superoxide dismutase TPA-re-
sponsive element (MSTRE) in the 5�-flanking region of the
human MnSOD gene promoter (27). Fig. 1a shows that
MnSOD protein in mitochondria was significantly elevated by
treatment of A549 cells with either TPAorTNF-�, but notwith
the externally added 1 mM hydrogen peroxide. It should be
pointed out that when A549 cells were incubated in the pres-
ence of 5 mM H2O2 for 24 h at 37 °C, the cells were found dead
and detached. However, when the concentration of H2O2 was
reduced to 0, 0.5, and 1 mM under similar experimental condi-
tions the cells exhibited similar confluency. The effect of TPA is
consistent with the observed increase in MnSODmRNA level,
while the effect of TNF-� is in agreement with that reported by
Wong et al. (9) using a human embryonic kidney (HEK) 293 cell
line. Together these data suggest that the reactive oxygen spe-

cies (ROS) produced by TPA or TNF-� treatments to induce
MnSOD in mitochondria, is not H2O2.
The results in Fig. 1c show the intracellular concentration of

ROS was elevated by 1.9-fold after A549 cells were treated with
32.4 nM (20 ng/ml) of TPA for 1 h. However this observed
increase of intracellular ROS induced by TPA, monitored by
DCF fluorescence, was suppressed either by PKC inhibitor BIM
(1 �M) or by NADPH oxidase inhibitor DPI (100 nM) (Fig. 1, b
and c). It should be pointed out that DPI by itself causes a sig-
nificant increase in ROS, a phenomenon due to DPI-elicited
inhibition of cell redox metabolism and augmented oxidative
stress (40). These results suggest that ROS produced in
response toTPA is a superoxide radical anion (O2

. ) generated by
NADPH oxidase or flavoproteins in a PKC-dependent manner.
It is generally believed that TPA-induced ROS ismediated by

PKC activation which in turn activates NADPH oxidase. To
identify which components of NADPH oxidase are crucial in
TPA-mediatedMnSOD induction in A549 cells, a dual priming
oligonucleotide (DPO) PCR system was used. As shown in Fig.
1d, we observed the mRNAs for p67phox, NOXO1 (p47phox
homologue) NOXA1 (p67phox homologue), DUOX1, Rac1, and
p22phox in A549 cells. However, mRNA for p40phox, p47phox
(NCF1), Rac2, or DUOX2 was not detected. To show the effect
of knocking down the observed components of NADPH oxi-
dase, such as Rac1, p22phox, p67phox, and NOXO1, on TPA-
inducedMnSODprotein expression inA549 cells siRNAmeth-
odswere used. Fig. 1e shows the efficiency of siRNA in reducing
the protein level of Rac1, NOXO1 and p67phox. The results in
Fig. 1f show that knocking down Rac1, p22phox, p67phox, or
NOXO1, each contributes to a reduction of 30% in the ampli-
tude of TPA-induced MnSOD expression, relative to that
obtained with control siRNA-transfected cells. These results
suggest that not only cytosolic regulatory factors, such as
p67phox, NOXO1 (p47phox), and Rac1, but membrane-bound
p22phox is also required to induce MnSOD expression.
PKC-dependent TPA-mediated MnSOD Induction—To

investigate which PKC isozyme is responsible for the TPA
inducedMnSOD in A549 cells, the PKC isozymes in these cells
were identified using the DPO PCR method (Fig. 2a). These
results reveal that PKC-�, -�I, -�II, -�, -�, -�, -�, -	, -
, -�, and
-�, are expressed in A549 cells. Fig. 2b shows the effect of TPA
and H2O2 on the activation and membrane translocation of
PKC isozyme in A549 cells. Using six different PKC polyclonal
antibodies, we detected that PKC-�, -�I, -�, -�, and -� (PKD)
but not PKC-�II were translocated to the membrane fractions
in TPA-treated cells. Interestingly none of these PKC isoforms
was affected byH2O2 treatment. The TPA-mediated transloca-
tions of PKC-�, -�I, -�, and -� to the membrane fraction were
somewhat similar to those in the previous study (30), except in
our hands themembrane translocation of PKC-� is muchmore
robust and the membrane translocated PKC-� appeared to be
covalently modified since the band is more diffused and
migrated at a slower rate.
To assess the effect of a PKC inhibitor on the TPA-induced

transcription of sod2, a luciferase reporter plasmid was used.
BecauseMnSODwas induced byTPA andTNF-� (Fig. 1a), and
the pSODLUC-3340 plasmid did not respond to TNF-� treat-
ment (27), new plasmids, which include the intron 2 enhancer
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(I2E) fragment, known as a responsive element to TNF-� in
murine (23) and human (24), were constructed. The three plas-
mids shown in supplemental Fig. S1a were constructed as
described under “Experimental Procedures.” The new plasmids
allowone tomonitor the possible synergic effect of I2E onTPA-
mediated luciferase activity. supplemental Fig. S1b shows that
A549 cells transfected with pSODLUC-3340 plasmid did not
exhibit any increase in luciferase activity due to TNF-� treat-
ment. However, cells transfected with pSODLUC-3340-I2E-C,
-N, and -ORF plasmids induced sod2 reporter gene expression
by 2.4-, 3.6-, and 3.5-fold, respectively, due to TNF-� treat-
ment, consistent with previous reports (23, 27). Moreover, the
insertion of I2E also enhanced the TPA-mediated luciferase
activity by 6.1-fold (pSODLUC-3340-I2E-C), 8.5-fold (pSOD-
LUC-3340-I2E-N) and 5.3-fold (pSODLUC-3340-I2E-ORF)

(supplemental Fig. S1b). Because I2E of pSODLUC-3340-I2E-C
is located at a similar distance from the promoter as the original
site of I2E and only pSODLUC-3340-I2E-C construct showed
the inhibitory effect of Rottlerin (data not shown), it was
selected for further promoter studies. To identify the effective
PKCs, among those activated and translocated to membrane
fraction by TPA, on MnSOD induction, four different PKC
inhibitors, BIM (1 �M), Rottlerin (5 �M), Gö 6983 (1 �M), and
Gö 6976 (1 �M), were used. Their Ki or IC50 for a given PKC
isozyme are summarized in supplemental Table S1. Fig. 2c
shows that treatment with 20 ng/ml of TPA causes a 7-fold
increase in transcription activation of sod2 and this induction
was blocked by all four PKC inhibitors used and byDPI. Among
the PKC inhibitors, general PKC inhibitors, BIM and Gö 6983
are the most potent relative to Gö 6976, which inhibits PKC-�

FIGURE 1. Superoxide radical anion generated by NADPH oxidase in response to TPA induces MnSOD in mitochondria. a, A549 cells were fractionated
into cytosolic (C, �-tubulin as a marker), nuclear (N, LaminB as a marker), and mitochondrial (M, mtHSP70 as a marker) fractions after treatment of TPA (32.4 nM,
(20 ng/ml)), TNF-� (10 ng/ml) or hydrogen peroxide (H2O2) (1 mM) for 24 h at 37 °C. Each fraction sample was separated using 10 –20% Tris-glycine gel and
analyzed by immunoblotting. b, after incubation with either PKC inhibitor BIM (1 �M) or NADPH oxidase inhibitor DPI (100 nM) for 1 h, cells were treated with
TPA for 30 min. The cells were further incubated in the presence of 40 �M 2�,7�-dichlorofluorescein diacetate (DCFH-DA) for 30 min at 37 °C. Stained cells were
washed with PBS and analyzed by flow cytometry (FACS). H2O2 (1 mM) was treated as a positive control. c, DCF fluorescence index was presented as a ratio to
the cells not exposed to both inhibitors and TPA (T). Values are means � S.E. (n � 4, **, p � 0.01). d, components of NADPH oxidase in A549 cells are examined
by dual priming oligonucleotide (DPO) PCR system (missing components in A549 cells are presented as gray letters). For the data in e and f, small interfering RNA
(siRNA) for Rac1, p22phox, p67phox, and NOXO1 (250 nM each) were used to knockdown each components of NADPH oxidase, which exist in A549 cells. Sixty
hours after transfection of siRNAs, cells were treated with TPA for additional 24 h at 37 °C. e, Western blots for Rac1, NOXO1 and p67phox after knockdown by
each siRNAs. Coomassie-stained gel shows that equal amounts of sample were loaded. f, inhibitory effect of siRNAs on the TPA-mediated MnSOD induction was
presented as a percentage to the MnSOD induction in cells transfected with control siRNA and treated with TPA. Values are means � S.E. (n � 3, **, p � 0.01 and
***, p � 0.001 versus control siRNA by ANOVA; n.s., not significant).
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and -�I, and to Rottlerin. However, sod2 gene expression in
response to TNF-� or H2O2 treatment was not significantly
inhibited by any PKC inhibitors or DPI.
Fig. 2d shows that TPA-inducedMnSOD protein generation

was also inhibited by the PKC inhibitors. BIM and Gö 6983
yielded a 53.5 and 63.8% inhibition, respectively; while Gö 6976
and Rottlerin yielded a 30.1 and 56.3% inhibition, respectively.
The effect of an individual PKC isozyme on the TPA-induced
MnSOD generation was also investigated using the siRNA
knockdown method. In this case, the siRNAs for PKC-�,
PKC-�I andPKC-�were transfected to reduce their expression.

The effectiveness of the knockdown is shown in Fig. 2f. The
inhibitory effects of knocking down PKC-�, -�I, and -� are
shown in Fig. 2e. The results indicated that knocking down
PKC-�, -�I, and -� individually leads to 44.2, 38.9, and 33.5%
inhibition respectively of TPA-induced MnSOD formation.
TPA-induced PKC-�-catalyzed CREB Phosphorylation—

Previously we reported that transcription activation ofMnSOD
in A549 cells induced by TPA is mediated via the binding of
MSTRE to a CREB-1/ATF-1-like transcription factor, which is
activated by PKC-catalyzed phosphorylation of CREB at Ser133
(27). The participation of CREB in the TPA-mediated MnSOD

FIGURE 2. TPA-induced MnSOD expression was blocked by PKC inhibitors and siRNA knockdown on specific isozyme. a, in A549 cell, PKC isoforms were
identified using DPO PCR system. b, translocations of PKCs to subcellular membrane were analyzed by immunoblotting after treatment with 32.4 nM TPA or 1
mM H2O2 for 30 min. Cyt, cytosolic fraction; Memb, membrane fraction. c, A549 cells were preincubated with BIM (1 �M, inhibits PKC-�, -�I, -�II, -�, -�, and -�), Gö
6983 (1 �M, inhibits PKC-�, -�I, -�II, -�, -�, and -
), Gö 6976 (1 �M, inhibits PKC-�, -�I, and -�), or Rottlerin (5 �M, inhibits PKC-� and -�) and treated with 32.4 nM

TPA, 10 ng/ml of TNF-� or 1 mM H2O2 for 24 h. The effect of PKC inhibitors on the TPA-, TNF-�-, or H2O2-induced reporter gene activity was presented as relative
luciferase activities to its activities in cells transfected with pSODLUC-3340-I2E-C and treated with the same volume of DMSO (vehicle) used in other samples.
Values shown are means � S.E. (n � 4, **, p � 0.01 and ***, p � 0.001 versus TPA-only treated group by ANOVA). d, after treatment as described previously,
whole cell lysates were subjected to SDS-PAGE and blotted with anti-MnSOD antibody. The effect of PKC inhibitors on the TPA-mediated MnSOD induction was
presented as a ratio to the MnSOD induction in cells pretreated with DMSO and then treated with TPA. Values are means � S.E. (n � 3, *, p � 0.05 and ***, p �
0.001 versus TPA-only treated group by ANOVA). e, inhibitory effect of siRNAs for PKC-�, -�I, and -� (250 nM each) on the TPA-mediated MnSOD induction was
presented as a percentage to the MnSOD induction in cells transfected with control siRNA and treated with TPA. (n � 6, **, p � 0.01 and ***, p � 0.001 versus
control siRNA by ANOVA). f, reduction of PKC-�, -�I, and -� protein expression by siRNA.
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induction was further determined using siRNA technique.
When siRNA for CREB was transfected into A549 cells, it suc-
cessfully reduced the CREB protein (Fig. 3a). The reduction of
the CREB protein led to a 30.5% suppression of the TPA-medi-
ated MnSOD induction at 60 h (Fig. 3b). To link the upstream
PKCs with the downstream transcription factors, we examined
the effect of PKC inhibitors or siRNAon the phosphorylation of
CREB. When cells were pretreated with BIM, Gö 6983, or Gö
6976, the TPA-stimulated phosphorylations of CREB were
completely eliminated by inhibitors of classical PKCs, but not
by Rottlerin, an inhibitor of PKC-� and -� (Fig. 3c). In addition,
knockdownofPKC-�by siRNAalsoabolishedCREBphosphor-
ylation (Fig. 3d), while the reduction of PKC-�I and PKC-� had
no effect on the TPA-mediated phosphorylation of CREB.
These data suggest that TPA-stimulated phosphorylation of
CREB is mediated by PKC-�, and other PKCs induce expres-
sion of MnSOD by a path that does not involve CREB.
PKC-dependent Dephosphorylation of Akt and FOXO3a

Induced by TPA Treatment—It has been shown that MnSOD
protein expression is regulated by a PI3K-Akt-Forkhead signal-
ing pathway (33). Compared with other transcription factors,
the molecular mechanism by which Forkhead transcription
factors regulatesMnSOD gene expression after TPA treatment
is notwell characterized. In order to examinewhether the Fork-
head transcription factor FOXO3a (FKHRL1) is involved in the
TPA-mediated MnSOD induction, siRNA for FOXO3a was
transfected to block its expression. Fig. 4a shows that siRNA for
FOXO3a successfully abolished its target protein. As a result of
the FOXO3a knockdown, TPA-mediated MnSOD induction
was inhibited by up to 40.2% (Fig. 4b). Fig. 4c shows that in the

nuclear fraction, TPA treatment led to the dephosphorylation
of Ser253 in FOXO3a within 30 min.

Because Akt is a known upstream kinase for FOXO3a (41),
we next investigated the phosphorylation of Akt after TPA
treatment. Fig. 4d shows that Akt phosphorylation at Ser473
decreased due to serum starvation and elevated rapidly due to
insulin treatment. In contrast, Akt phosphorylation decreased
dramatically within 15min induced by TPA treatment and sus-
tained for up to 24 h (data not shown). These observations are
in accord with the reports showing that TPA attenuated Akt
phosphorylation in A549 cells (42) and PKC-� and PKC-� neg-
atively regulated the phosphorylation of Akt in mouse kerati-
nocytes (43). To investigate the effect of PKC on the the
dephosphorylation of Akt and FOXO3a, cells were preincu-
bated with BIM and then treated with TPA. As shown in Fig. 4,
e and f, the TPA-stimulated dephosphorylation of Akt at Ser473
and of FOXO3a at Ser253were restored in a BIMconcentration-
dependentmanner. These results suggest that the dephosphor-
ylation of Akt and FOXO3a is mediated by PKC.
The phosphorylated Akt at the hydrophobic motif Ser473 is

known to be dephosphorylated by okadaic acid-sensitive phos-
phatases such as PP2A (44–47) and by PHLPP (48). To differ-
entiate which of these family of phosphatases is involved in
regulating the activity of Aktmediated byTPA treatment, A549
cells were treated with either PP1 and PP2A inhibitor okadaic
acid (46) or PHLPP inhibitorNCS45586 (35). Fig. 5a shows that
the dephosphorylation of Akt was inhibited by preincubation
with okadiac acid in a dose-dependent manner. However NCS
45586 failed to inhibit Akt dephosphorylation (Fig. 5b). To
investigate the mechanism by which PKC mediated the

FIGURE 3. Phosphorylation of CREB catalyzed by PKC in TPA mediated MnSOD induction. a, Western blots for CREB after knockdown by siRNA. b, inhibitory
effect of CREB siRNA on the TPA-mediated MnSOD induction was presented as a percentage to the MnSOD induction in cells transfected with control siRNA
using the Amaxa Nucleofector System and treated with TPA. Lane 1, transfected with 100 nM siRNA for 48 h; lanes 2 and 3, transfected with 250 nM siRNA for 48 h
in lane 2 and 60 h in lane 3. c, cells were pretreated with BIM (1 �M), Gö 6983 (1 �M), Gö 6976 (1 �M), or Rottlerin (5 �M) for 1 h and treated with TPA for 30 min.
d, siRNA for PKC-�, -�I, and -� (100 nM each) were used to knockdown each gene product. Two days after transfection of siRNAs, cells were treated with TPA for
30 min. Total cell lysates were subjected to SDS-PAGE and blotted with phospho-CREB (Ser133) and CREB antibodies.
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dephosphorylation of Akt catalyzed by PP2A, we observed that
TPA induced immuno-coprecipitation of pAkt complex with
the catalytic subunit of PP2A and BIM inhibited the complex
formation (Fig. 5c). This observation is in accord with the find-
ing of Li et al. using mouse keratinocytes (43). Together, these
results suggest that PKC induces the complex formation

between pAkt and the catalytic subunit of PP2A to facilitate the
dephosphorylate Akt, which in turn activates FOXO3a by
reducing the population of the phosphorylated FOXO3a at
Ser253.
TPA-induced MnSOD Expression in A549 Cells Is Independ-

ent of p53—p53 has been shown to suppress MnSOD mRNA
and protein levels by forming a complex with the Sp1 site at the
5�-flanking promoter region of the sod2 gene and led to the
reduction of transcription activity under both the constitutive
and TPA-stimulated conditions in human hepatoma cell line
HepG2 (18). With A549 cells, TPA induced a time-dependent
reduction of p53 protein, while the MnSOD protein was ele-
vated (Fig. 6a). A histochemical analysis revealed that the
observed reduction of p53 was due to its translocation from the
nucleus to the cytosol to be degraded (Fig. 6b). This TPA-me-
diated translocation and degradation of p53 was blocked by
pretreatment of the cells with a potent and membrane perme-
able proteasome inhibitor, MG132, and a nuclear export inhib-
itor, leptomycin B (LMB) (data not shown). This apparent cor-
relation, which could lead one to conclude that p53 also
suppresses MnSOD expression in A549 cells, was uncoupled
with experiments using siRNA to reduce the p53 protein
expression. The results shown in Fig. 6c reveal p53 siRNA effec-
tively lowering the p53 protein. However it exhibits little differ-
ential effect on the level of MnSOD protein expression in the
absence or presence of p53. The quantitative effect of p53
siRNA knockdown is shown in Fig. 6d. Together these results
indicate that while the variation of p53 andMnSOD induced by

FIGURE 4. TPA induces the dephosphorylation of Akt and FOXO3a in a PKC-dependent manner. a, Western blots for FOXO3a after knockdown by siRNA.
Coomassie-stained gel shows that equal amounts of sample were loaded. b, inhibitory effect of FOXO3a siRNA on the TPA-mediated MnSOD induction is
presented as percent of MnSOD generated relative to that observed with control siRNA. Lane 1, transfected with 100 nM siRNA for 48 h; lanes 2 and 3, transfected
with 250 nM siRNA for 48 h in lane 2 and 60 h in lane 3. c, nuclear fractions of A549 cells treated with TPA for the indicated time (up to 4 h), were separated in 8%
Tris-glycine gel, and blotted with phospho-FOXO3a (Ser253) and FOXO3a antibodies. d, phosphorylation of Akt was examined by Western blotting using
phospho-antibody against Ser473 residue of Akt after treated serum-starved (ss) cells with insulin (200 nM) (left panel) or TPA (right panel). e and f, A549 cells were
preincubated with BIM (1, 2.5, and 5 �M) for 1 h and treated with TPA for an additional 1 h. Total cell lysates were blotted with phospho-Akt (Ser473) and Akt
antibodies (e), and nuclear fractions were blotted with phospho-FOXO3a (Ser253) and FOXO3a antibodies (f). Note that these blots represent one of three
independent experiments.

FIGURE 5. TPA induces PKC-mediated Akt dephosphorylation catalyzed
by PP2A and not by PHLPP. Cells were pretreated with either PP2A inhibitor
okadaic acid (OA) (a), or PHLPP inhibitor NCS 45586 (#13) (b) for 1 h, and then
treated with TPA for another 1 h. Total cell lysates were blotted with phospho-
Akt (Ser473) and Akt antibodies. c, cells treated with DMSO (vehicle), TPA only,
or BIM plus TPA were lysed, and immunoprecipitation (IP) was performed
using phospho-Akt (Ser473) antibodies. The immunoprecipitants and total
cell lysates were analyzed by Western blotting (WB) for phospho-Akt (Ser473)
and PP2A C subunit. Two percentages of total cell lysates were saved before IP
and were also immunoblotted as a control (2% Input). Note that these blots
represent one of three independent experiments.
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TPA suggests that p53 suppresses MnSOD expression in A549
cells, the siRNA data suggest otherwise, that p53 does not sup-
press MnSOD expression.

DISCUSSION

Phorbol esters, the pharmacological analogs of DAG, act as
tumor promoters through activation of PKC. Among them
TPA is the most widely used in models to study carcinogenesis
(28). In this study, we investigated the mechanism by which
TPA induces expression of MnSOD, a primary anti-oxidant
enzyme, expression in A549 cells. p53, a tumor suppressor, has
been reported to function as a pro-apoptotic factor under cel-
lular response to stress conditions, and it has been shown that
p53 and sod2 genes are reciprocally regulated in HepG2 and
MCF-7 cells (18, 49). However, despite the fact that our data
also revealed an apparent reciprocal effect on the expression of
p53 and MnSOD induced by TPA treatment, the results
obtained from the siRNA study are inconsistentwith the notion
that p53 suppresses MnSOD expression (Fig. 6, c and d). The
reduction of p53 protein observed was caused by the TPA-me-
diated translocation of p53 from the nucleus to the cytosol for
degradation.
We have previously shown that TPA induced MnSOD

expression was blocked by inhibitors of flavoproteins and

NADPH oxidase suggesting that superoxide radical anion gen-
eration is likely an upstream signal (27). Here we show that
A549 cell contains a number of components needed for consti-
tuting the reactiveNADPHoxidase (Fig. 1d). In accordwith the
notion that the super oxide radical anion is an upstream signal,
the results of siRNA knockdown of Rac1, p67phox, and NOXO1
(p47phox) significantly reduced the amplitude of MnSOD
expression, while hydrogen peroxide failed to support theTPA-
induced MnSOD generation.
It has been demonstrated that transcriptional activation of

sod2 mediated by TPA in A549 cells involves the binding of
CREB-1/ATF-1-like transcription factor to a CRE-related
sequence, MSTRE, in the promoter region of the gene (27).
However TPA treatment did not lead to any change in the
abundance or binding activity of CREB-1/ATF-1 complexes.
This observation is in accord with the known behavior of CREB
as a signal-dependent activator, whose trans-activation poten-
tial is specifically affected by phosphorylation instead of its
nuclear targeting or its DNA binding activity (50). The tran-
scription factor, CREB, is known to be regulated by a number of
protein kinases, including PKA and PKC (51, 52). Because we
found that the specific inhibitor for PKC, BIM, rather than the
PKA inhibitor, H89, blocked the TPA-mediated induction of

FIGURE 6. p53 is not a suppressor of MnSOD gene expression in human lung adenocarcinoma cell line A549. a, whole lysates of A549 cells treated with
TPA for the indicated time period (up to 10 h), were separated in 10% Tris-glycine gel, and blotted with anti-p53 and anti-MnSOD antibodies. b, after TPA
treatment, A549 cells on microscope slides in 6-well plates were fixed with 4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.1%
Triton X-100 for 5 min, and incubated with 2% BSA for 1 h to block nonspecific staining. The cells were then immunostained with anti-p53 antibody in 2% BSA
for 1 h at room temperature and further incubated with fluorescence-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) for 1 h at
room temperature. To visualize nuclei, the cells were stained with 4�,6�-diamidino-2-phenylindole (DAPI, Sigma) for 5 min. Finally, the cells were mounted onto
slides using FluoroGuard antifade reagent (Bio-Rad). Immunofluorescence was examined using fluorescence microscope Axiovert (Carl Zeiss, Oberkochen,
Germany). c, effect of p53 siRNA on the TPA-mediated MnSOD induction was monitored by Western blotting. d, quantitative effect of p53 siRNA on the
TPA-induced MnSOD production is shown as percent MnSOD formed normalized by actin, with the value of 100% set for cells transfected with control siRNA
followed with TPA treatment. Values shown are means � S.E. (n � 3, n.s., not significant).
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MnSOD mRNA (27), we used different PKC inhibitors and
siRNA techniques to knockdown specific PKC isozymes in an
attempt to identify the PKC isozyme which catalyzes the phos-
phorylation of CREB in response to TPA treatment. The results
show that knocking down PKC-� leads to a 44.2% reduction in
TPA-inducedMnSOD expression (Fig. 2e). Under these condi-
tions, the phosporylation of CREB at Ser133 is nearly eliminated
(Fig. 3, c and d). Together these results indicate that PKC-� is
the PKC isozyme that catalyzed the phosphorylation of CREB
and lead to its transcriptional activation in response to TPA
treatment (Fig. 7). In addition, the data in Fig. 2e show that
knocking down PKC-� and PKC-�I also leads to a reduction of
MnSOD expression. However the PKC-� inhibitor Rottlerin
and the siRNA knockdown of PKC-�I and of PKC-� exhibit
little effect on CREB Ser133 phosphorylation. Nevertheless,
PKC-� has been shown to up-regulate the NF-kB-mediating
MnSOD induction pathway (26, 30, 31).
The mammalian FOXO family of Forkhead transcription

factors contains four family members, namely: the FOXO1/
FKHR, FOXO3/FKHRL1, FOXO4/AFX, and FOX6. They play
an important role in longevity and growth/tumor suppression
by up-regulating target genes involved in stress response (e.g.
MnSOD), metabolism, cell cycle arrest (p21Waf1/Cip1 and
p27Kip1), DNA repair (GADD45 and DDB1), apoptosis, and
autophagy (Bim and FasL) (34, 53). In our study, we found that
A549 cells were arrested at G1 phase after 24 h of TPA treat-
ment (supplemental Fig S2a), with an increase in the levels of
p27Kip1, GADD45, FasL, as well as MnSOD. Among them,
MnSODwas the only target gene whose induction by TPA was
blocked by BIM (supplemental Fig. S2b). These observations
indicate that TPA induces FOXO transcription factor activa-
tion in A549 cells to trigger up-regulation of target genes. They
include p27, fasl, gadd45, and sod2, and the induction of sod2 is
inhibited by PKC inhibitor, BIM. The increase of p27Kip1 may,
in part, responsible for the observed cell cycle arrest atG1phase
(54). Furthermore, siRNA knockdown of CREB and FOXO3a

led to a 30.5, and a 40.2% inhibition, respectively, (Figs. 3b and
4b) in TPA-mediated MnSOD induction. Together, these
results indicate that PKC is also involved in up-regulating
FOXO3a transcription activity.
The activity of FOXO3a is regulated by reversible covalent

modification, including reversible phosphorylation at three
conserved residues, Thr32, Ser253, and Ser315. The phosphor-
ylation is catalyzed by Akt, GSK, and AMPK, while the dephos-
phorylation is catalyzed by PP2A (34, 47). Because Ser253 over-
laps with the nuclear localization signaling (NLS) sequence,
phosphorylation on this residue will likely interfere with
nuclear import by disrupting the positively charged NLS, and
impair its ability to react with its target genes. Akt, a known
kinase that phosphorylates FOXO3a at Ser253, is activated by
the phosphorylation of its Ser473. The dephosphorylation of
Ser473 is catalyzed by PP2A (44, 45, 47) and by PHLPP (48).
Experiments using overexpression of Akt and PHLPP in 293T
cells or overexpression of PHLPP in H157 or MDA-MB-231
cells revealed that PHLPP specifically dephosphorylated
pSer473 relative to pThr308 in Akt (48). However, the specificity
for the dephosporylation of pSer473 and pThr308 by PP2A
appears to be regulated by the nature of its B regulatory subunit
(45, 55). PP2A-B55 and PP2A-B56 holoenzymes have been
shown to preferentially dephosphorylates pThr308 and pSer473,
respectively. Under our experimental conditions, pAkt (Ser473)
was dephosphorylated by okadaic acid-sensitive PP2A and not
by PHLPP (Fig. 5, a and b). Therefore for PKC to activate
FOXO3a, it must somehow activate PP2A activity. To this end,
we found that TPA induces a complex formation between the
phosphorylated Akt and the catalytic subunit of PP2A, and the
stability of this complex is mediated by the activity of PKC (Fig.
5c). This observation is in acord with reports showing that acti-
vation of PKC-� and PKC-� provides a negative regulation for
Akt phosphorylation and its kinase activity in mouse keratino-
cytes and TPA sitimulated the association PP2A with Akt (43).
Investigatingwhich of the PKC isozymes, PKC-� or PKC-� or

both, is responsible for inducing the PP2A-mediated dephos-
phorylation of pAkt (Ser473) and pFOXO3a (Ser253), we found
that BIM, a PKC inhibitor for PKC-�, -�I, -�II, -�, and -�, inhib-
ited the TPA-induced dephosphorylation of pAkt (Ser473) and
pFOXO3a (Ser253) in a concentration dependent manner (Fig.
4, e and f). However, when A549 cells were pre-treated with
either 1 �M Gö 6976, which inhibits PKC-� and -�I, or with 5
�M Rottlerin, an inhibitor for PKC-� and -�, no inhibition of
TPA-induced dephosphorylation of pAkt (Ser473) and
pFOXO3a (Ser253) was detected (data not shown). Because
TPA does not activate PKC-�II (Fig. 2b), an isozyme inhibited
by BIM, that leaves PKC-� andPKC-� as the only PKC isozymes
inhibited by BIM but not by Gö 6976 and Rottlerin. Between
these two PKC isozymes, PKC-� has been shown, together with
PKC-�, as the PKC isozymes negatively regulated the phospho-
rylation of Akt and its kinase activity in mouse keratinocytes
(43). However, PKC-� can be ruled out because Rottlerin failed
to inhibit TPA-induced Akt dephosphorylation. Therefore
PKC-� is likely the PKC isozyme responsible for mediating the
dephosphorylation of Akt and FOXO3a (Fig. 7). This simplified
model depicted in Fig. 7 shows that activation of PKC-� would
lead to complex formation between PP2A and pAkt to facilitate

FIGURE 7. A simplified pathway to depict the TPA-induced MnSOD
expression in A549 cells. Here TPA was shown to activate PKC-�, which in
turn phosphorylates the CREB transcription factor, and PKC-�, which induces
the formation of PP2A-pAkt complex to facilitate the dephosphorylation of
pAkt and subsequently lead to the accumulation the dephosphorylated and
active FOXO3a.

Dual Function of PKC in TPA-induced MnSOD Expression

AUGUST 26, 2011 • VOLUME 286 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 29689

http://www.jbc.org/cgi/content/full/M111.264945/DC1
http://www.jbc.org/cgi/content/full/M111.264945/DC1


the dephosphorylation of pAkt and pFOXO3a and lead to tran-
scriptional activation of FOXO3a.
In summary, the elevation of MnSOD expression was medi-

ated by NADPH oxidase pathway in A549 cells in response to
TPA or TNF-� treatment, while treatment with external
hydrogen peroxide fails induce a similar effect. In addition,
while the effects of TPA onMnSOD induction and on p53 sup-
pression appear to suggest that p53 suppressesMnSODexpres-
sion, our results from siRNA knockdown of p53 indicate other-
wise, namely that p53 does not suppress MnSOD expression.
Furthermore, the TPA-induced MnSOD generation was abol-
ishedbyageneralPKCinhibitor,BIM.UsingvariousPKCisozyme
inhibitors and siRNA knockdown methods, we reveal that TPA-
induced MnSOD expression is, in part, regulated by a PKC-�-
catalyzed phosphorylation of CREB transcription factor, and by a
PKC mediated dephosphorylation of Akt at Ser473 catalyzed by
PP2A,which in turn lead toFOXO3adephosphorylationat Ser253.
Thus, PKC, activated by a TPA-mediated pathway, is involved in
activating at least two transcription factors, one via the phosphor-
ylation of CREB and the other via a PKC-mediated dephosphor-
ylation of Akt and FOXO3a by PP2A.
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